The problem of flow active control by low temperature plasma is considered to be one of the most flourishing fields of aerodynamics due to its practical advantages. Compared with other means, the electron beam plasma is a potential flow control method for large scale flow. In this paper, a computational fluid dynamics model coupled with a multi-fluid plasma model is established to investigate the aerodynamic characteristics induced by electron beam plasma. The results demonstrate that the electron beam strongly influences the flow properties, not only in the boundary layers, but also in the main flow. A weak shockwave is induced at the electron beam injection position and develops to the other side of the wind tunnel behind the beam. It brings additional energy into air, and the inducing characteristics are closely related to the beam power and increase nonlinearly with it. The injection angles also influence the flow properties to some extent. Based on this research, we demonstrate that the high energy electron beam air plasma has three attractive advantages in aerodynamic applications, i.e. the high energy density, wide action range and excellent action effect. Due to the rapid development of near space hypersonic vehicles and atmospheric fighters, by optimizing the parameters, the electron beam can be used as an alternative means in aerodynamic steering in these applications.
Introduction
The propulsion systems of supersonic vehicles, such as ramjet and scramjet, have recently been extensively researched. Some of them have already participated in flight tests and behave well [1] . However, the problems that puzzled engineers still exist. For example, the scramjet can only work in a specific Mach number flow. If the velocity of the flow changes, the efficiency of the scramjet inlet would be greatly decreased. As a result, researchers try to find an adjustable inlet that can work in a wide range of Mach number flows. As we know, there are two methods that will satisfy the requirement to some extent, i.e. the mechanical adjustable inlet method and the flow control method. The former scheme is much more complex due to the movement of the actuator, so it provides great difficulties for researchers. Therefore, a simple but efficient inlet adjustable method is required.
Actually, in the early 1990s, a novel propulsion system developing program, named 'AJAX', was proposed in Russia. The basic principle used plasma to control the flow, assist fuel combustion and also extract energy from the highly ionized plasma. It takes full advantage of magnetohydrodynamic (MHD) effects in plasmas, thus, in theory, the engine can obtain high efficiency and work in a wide flow range. However, the whole propulsion system becomes very complex and the technology readiness level of each key component only stays at the in-principle test stage, which is far from flight application. Despite this, AJAX gives a new insight to active flow control and points out the trend of advanced supersonic or hypersonic flight vehicles.
Following in the footsteps of AJAX pioneers, the active flow control method by plasma has been investigated extensively [2, 3] . Roth et al carried out a famous experiment that illustrated the remarkable effect of plasma in re-attachment flow separation of an airfoil boundary layer [4] . In 1998, they reported that another application of low temperature plasma is drag reduction, and by changing the plasma actuating direction, the plasma can produce a thrust, which changes the flight characteristics [5] . Leonov et al investigated the plasma effect on separation processes and shock position in supersonic air flow [6] . Two experimental situations are considered: one is surface electrical discharge plasma in a free stream; the other is surface discharge in a separated zone behind the wall step. The experimental results indicate that the plasma could change the boundary layer structure considerably. Recently, Karla et al adopted a snowplow discharge plasma to control the shockwave configuration [7] . The study takes the magnetic field into consideration, which is a step forward. The shock position moves downstream because of the MHD effect.
In this research, the main mechanism of the plasma flow control is that the active plasma ions accelerate in a discharge electric field, thus causing the momentum to transfer from ions to gas molecules, and the plasma is usually produced by DBD, SDBD and nano-pulse discharge. Its advantages are a simple discharge device and low power consumption. However, the size of the action zone is limited by the small plasma ranges and can only be used in the boundary layer. Therefore, in order to modify the main flow characteristics, another style of plasma should be considered. Macheret et al employed the high energy electron beam to control the flow properties of the scramjet inlet. The results demonstrate that the electron beam is an efficient flow control method [2] . Sheikin et al used a theoretical method to obtain the electron beam deposition model, which could be applied to MHD flow control [8] . Zheng et al [9] and Tian et al [10] also studied the mechanisms of electron beam plasma flow control means. All this research indicates that the electron beam plasma is different from the conventional gas discharge plasma in the process of flow control, and would play a significant role in supersonic and hypersonic flight vehicles. However, in the above studies, some assumptions are made for the electron beam model, which brings uncertain factors to the research results.
In this paper, based on the set of experiments, a computational fluid dynamics (CFD) model coupled with a multifluid plasma model is established to investigate the aerodynamic characteristics induced by an electron beam plasma, in which the electron beam effect is simulated by the Monte Carlo model. With this model, the inducing characteristics of the electron beam in several conditions are obtained.
Simulation model

Plasma model
The simulation of a high energy beam in this paper is based on a Monte Carlo (MC) toolkit named GEANT4 (GEometry ANd Tracking), which was developed by an international collaboration [11, 12] . Considering the complexity of the interactions between the energetic beam electrons and air molecules, we use the so-called standard electro-magnetic physics model in the physical-list module, which contains most of the possible physical processes, such as electron ionization, bremsstrahlung, multiple-scattering, and photoelectric effect, etc. A more detailed description of the model is given in [13] .
Because of the complexity inproducing air plasma, a two dimensional multi-fluid model is established to describe the spatial and temporal evolutions of plasma components. In the present paper, eight main species are taken into consideration in the model, each of which participates in several chemical reactions. By analyzing the collision cross sections of such species, 13 reactions are considered. Most rates are dependent on the electron temperature. In this paper, the electron temperature is not calculated and an assumption is made that the electron temperature approximately equals twice the gas temperature [14] . Note that the self-heating effect is a significant phenomenon for the high energy continuous electron beam plasma, especially in case of high beam current and gas pressure. Thus the spatial distribution of gas temperature is important for analyzing the electron beam plasma and the chemical reaction mechanisms. However, in this work, the spatial gas temperature field is not calculated and the former results are directly adopted in the model in the initialization process [15] . The collisions between neutral species are neglected. However, the density changes of neutral species, due to collisions between charged particles and neutral species, are still included in the model.
The continuity equations of particles are
where n k , f k and S k denote particle number density, particle flux and source term, respectively. The subscript k is the species index number. Like the conventional fluid model, the momentum equations of species are simplified by adopting a so-called drift-diffusion approximation. Thus, the charged particle fluxes are given as
where E denotes the electric field in the plasma region. μ k and D k represent the mobility and diffusion coefficient. Since the neutral species do not respond to the electrical field, the fluxes are directly treated as zero in the model. The electric field is described by the Maxwell equation, given as
where e and ε 0 denote the element charge and permittivity of free space, respectively.
For the electron beam plasma, the source term in equation (1) is the sum of two terms, described by
In the above equation, the first term q eb gives the ionization by fast electrons (electron beam) and second term describes the chemical reactions between particles, in which R p , n A , n B , and n C represent the reaction rate, reactor A, reactor B, and reactor C in the pth reaction, respectively. N p is the total reaction number of kth species.
The ionization rate q eb is obtained by the Monte Carlo model and is directly put into the multi-fluid model
where q eb , I eb , and q MC denote the beam ionization rate, beam current and statistical energy deposition.
Computational fluid dynamic model
The gas flow induced by electron beam is described by the socalled Navier-Stokes equations [16] , which are widely used to investigate the characteristics of compressible supersonic flow. To simulate the interaction between the electron beam and air flow, the energy deposition is included in the energy equation, given as
where ω and T are the total energy and temperature, u, v, and p denote the x, y component of velocity and the pressure. τ xy and τ yy are the shear stress. k is the thermal conductivity and  Q MC is the volume heat source. Two kinds of boundary conditions are adopted in the CFD model: (1) the far field condition is applied in the open boundary and (2) the no-slip boundary is used on the wall. In the computations, both flow and plasma components are initialized from a static zero value.
Finally, the three sub-models are coupled by the CFD source term and the critical parameters, i.e. background gas pressure and temperature. The relations between the models are shown in figure 1.
Results and discussion
Based on our experiments [17] , the following research assumes that the high energy electron beam is injected into a free supersonic flow, and thus the incoming flow field is simple and nearly homogeneous in main flow. Because it is similar to flow in a wind tunnel, we call it the 'wind tunnel' model. Figure 2 gives a schematic of the wind tunnel model. From the middle of the bottom wall, the electron beam is injected into the air flow. The injection angle θ of the beam varies in the range 0°-180°, which reflects the attack angle of the flight vehicles.
Flow characteristics induced by an electron beam
Firstly, the flow characteristics induced by an electron beam are investigated. Based on our experiments, the electron beam parameters are set as the ones of experiments in simulations, given in table 1. The electron beam power is 30 kW and the beam energy is set as 75 keV. For the supersonic flow, the parameters are specified by the typical wind tunnel operation conditions. The flow Mach number is 1.2, and the pressure and temperature are 1.33×10 4 Pa and 300 K. From table 1, the high energy beam is injected vertically into the bottom of the tunnel wall. Thus, the Monte Carlo model is used to obtain the energy deposition of the beam when it penetrates into the air flow. The spatial distribution of energy deposition is shown in figure 3(a) . It can be observed that a pear-shaped action zone is formed in the air [18] , which is quite different from the one adopted in the literature. It demonstrates that the energy deposition is in the range of 2×10 3 -2.3×10 7 W m −3 , and the size is about 1.2 m in the injection direction and 1.1 m in the radial direction. It means that the actuating range of the high energy electron beam is large and thus can modify the flow by a large amount. The experimental image, operating in the same parameters as the numerical study, is given in figure 3(b) . By analyzing the results, a meaningful comparison is made, which indicates that the numerical model is reliable and its precision can satisfy the model requirement.
With the electron beam as the actuator, the flow properties are studied in detail. Figure 4 shows the spatial distribution of the gas temperature. As can be seen, the gas is heated by the high energy electron beam. The temperature increases in both the boundary layer and the main flow. The maximum increment is approximately 45 K.
The flow velocity in the x-direction is analyzed ( figure 5 ). The results show that the velocity in the x-direction varies little, but it observes that a weak shockwave is induced at the electron beam injection position and develops behind electron beam. The shockwave arrives at the other side of the wind tunnel and even induces a reflection wave. Moreover, the ycomponent of the velocity (V y ) is also analyzed (not shown). The results indicate that the V y increases after the electron beam. Considering no initial velocity in the y-direction, so it is the new induced flow. All of the above results indicate that the electron beam can be used to control the flow at a required position in a large range.
Influence of electron beam power
As discussed above, the electron beam power is the key factor to the induced effect. Therefore, the flow properties in different beam powers are investigated. Three typical power values are selected, i.e. 9.75 kW, 22.5 kW and 30 kW. Besides the power, other parameters, such the Mach number, altitude and beam energy remain unchanged. Figure 6 shows the energy depositions in the beam axe at different powers. It shows that the energy deposition increases with the beam power, which means the high power electron beam has a strong ability to control the flow. Moreover, the beam range in high power is bigger than that in low power. Thus, the high power of electron beam benefits the effect of flow control.
In order to illustrate the effect of the beam power, the velocities in the y-direction are examined. Here we chose the values from the slice near the bottom wall of the wind tunnel (y=30 mm). By comparing the results, shown in figure 7 , one can observe that the actuator zone is limited, and moves downstream. The width of the zone is about 0.35 m. From the amplitude, the higher the beam power, the bigger the induced velocity. The induced velocity in the 30 kW case is approximately four times that in the 9.75 kW case, which means that the inducing effect increases nonlinearly with the beam power.
Influence of the injection angle
Another key parameter for flow control by an electron beam is the injection angle, which determines the spatial distribution of the beam energy deposition. In the present paper, the injection angles are set as 90°, 120°, and 150°. This also reflects the influence of flow attack angle to some extent. Using the model, the flow properties at different injection angles are achieved. The Mach number of the free flow at the inlet of the wind tunnel is 1.2. The beam parameters are the same as those in table 1. Figure 8 gives the spatial distribution of the gas temperature at three different injection angles. The results indicate that the flow structures are similar at each injection angle. However, the size of the influencing region is distinct. In the 90°case, the temperature increasing region is small and the temperature gradient is large. Then it is enlarged at the 120°a nd 150°injection angles, but the temperature, i.e. the actuating effect, decreases, in particular, the thickness of the boundary layer increases. In fact, when the injection angle changes, the deposition region of the electron beam also varies. It means that the effects of the electron beam are different in each case. For a specific beam, the high energy deposition of the beam mainly exists in the boundary layer in the 150°case, which leads to the enlargement of the boundary layer.
Plasma properties
In the applications of electron beam flow control, the plasma is also generated, which would influence the flow characteristics. Thus the plasma properties are investigated by the multi-fluid plasma model. Considering the dominating effect of electrons in a plasma, only the electron density is shown in figure 9 . The initial conditions of the beam and flow are the same as those in table 1.
The results indicate that a large scale plasma is produced in the dynamic air flow. The size is about 1.2 m in length and 1.5 m in the flow direction, and the density is in the range of 10 14 -10 17 m −3 . It shows that the electron beam plasma has obvious spatial heterogeneity. Moreover, the afterglow of the beam plasma is observed downstream of the electron beam. The density of the afterglow is of the order of 6×10 14 m −3 . The dimensionless electric field in the y-direction is shown in figure 10 . The result demonstrates that the amplitude of the electric field is small. Thus it brings little inducing effect to the flow. The field line shows the electric field direction. It indicates that electrons move backwards along the lines. It means that high energy electrons are transported from the injection region and therefore the size of plasma enlarges, which leads to the increment of the beam actuating range. 
Conclusions
In conclusion, a CFD model coupled with a multi-fluid plasma model is established to investigate the aerodynamic characteristics induced by an electron beam plasma. The tracking of the electron beam by the MC model demonstrates the beam loses its energy in the collisions, resulting in an absolutely nonuniform spatial distribution of beam energy. The maximum value of the deposition reaches 2.3×10 7 W m −3 . The CFD results demonstrate that the additional energy strongly influences the flow properties, not only in the boundary layers, but also in the main flow. A weak shockwave is induced at the electron beam injection position and develops to the other side of the wind tunnel behind the beam. The power analysis indicates the inducing characteristics of the electron beam are closely related to the beam power and increase nonlinearly with it. The flow properties at the 90°, 120°, and 150°injection angles are investigated and the results demonstrate that the size of the actuating region is enlarged at a large injection angle, but the inducing effect is weakened. A large scale of plasma is produced in the dynamic air flow and the density is in the range of 10 14 -10 17 m −3 . Moreover, the afterglow of the beam plasma, of which the density is about 6×10 14 m −3 , is observed downstream of the electron beam and would further benefit flow control.
Based on this research, the paper concludes that the nonequilibrium electron beam air plasma has three attractive advantages in aerodynamic applications: the high energy density, wide action range and excellent action effect. Due to the rapid development of scramjet, near space hypersonic vehicles and atmospheric fighters, by optimizing the parameters, the electron beam can be used as an alternative means of aerodynamic steering in these applications. .
